[1] The impacts of two consecutive, strong tropical cyclones (TCs) -04B (10/15-10/19) and 05B (10/25-11/3) in 1999 (hereafter, TC1 and TC2) -on the upper ocean temperature and surface height of the Bay of Bengal (BoB) are examined using the Hybrid Coordinate Ocean Model (HYCOM). The HYCOM control run is driven by the Cross-Calibrated MultiPlatform (CCMP) satellite winds, European Center for Medium-Range Weather Forecasts Re-analysis Interim (ERAI) surface reanalysis data, and Tropical Rainfall Measuring Mission precipitation. In order to investigate ocean response to high wind conditions, which are not well resolved by the CCMP or ERAI products, a modified Rankine vortex is adopted to reconstruct the TC winds in an experimental run. Wind stress is determined from wind speed when considering the level-off and decline of drag coefficient at wind speed of 34 m/s and greater. The experimental run reproduces the strong SST reduction ($À3 C) near the Orissa seashore along and on the right of the TC tracks. TC2 (category 5) cools the BoB SST less than TC1 (category 4) likely due to the initial SST depression by TC1. TC2 has higher winds and lingers over the ocean longer than TC1, and hence the onshore Ekman transport and mass convergence induced by TC2 wind is more prominent. The HYCOM mixed layer temperatures and depths to the south of the BoB generally agree with the observations very well. The simulations, however, have weaker vertical temperature gradient in the thermocline layer, suggesting that HYCOM produces a more diffusive thermocline than the observations.
1. Introduction
Background
[2] Quantifying oceanic meridional heat transport has important implications for climate research. The equator-topole transport of heat by the ocean-atmosphere system buffers temperature extremes, allowing the climate system to reach radiative equilibrium and thus regulating climate. Using an inverse approach, Macdonald and Wunsch [1996] estimated that the world's oceans transport roughly half of the heat that moves from the tropics to the poles, while the atmosphere carries the other half. Moreover, the ocean is considered the primary contributor in the tropics [e.g., Held, 2001] . The ocean's capability to store and transport heat may also be linked to the sequestration of the global warming signal [Meehl et al., 2005 [Meehl et al., , 2011 . The ocean heat transport (OHT) from the tropics to the poles consists of three major components: a) downward diapycnal heat transfer into the ocean in the tropics, b) poleward OHT into the high latitudes, and c) heat release back to the atmosphere. Estimating meridional OHT, however, remains challenging, and significant discrepancies exist among different estimates [e.g., Gordon et al., 2000; Trenberth and Caron, 2001; Held, 2001] . In addition, observed diapycnal diffusivities in the lower latitudes are typically too low to account for the required downward heat flux inferred from budget analyses [e.g., Ledwell et al., 1993; Gregg et al., 2003] . The measurements of Ledwell et al. and Gregg et al. were primarily made under low wind conditions, because it is very difficult to avoid the interference of turbulence under high wind conditions. Consequently, diapycnal turbulent mixing induced by strong winds, such as those associated with tropical cyclones (TCs), has been shown to be an important mechanism for vertical ocean mixing budgets in the tropics [Sriver and Huber, 2007; Sriver et al., 2008] and it has been hypothesized these events may contribute substantially to global OHT [Emanuel, 2001] .
Tropical Cyclone (TC) Impacts on Ocean Heat Pumping and Heat Transport
[3] Price [1981] showed that the cyclonic rotation of the wind field associated with moving TCs causes near-inertial oscillations in the wake, which increases shear instability at the bottom of the mixed layer (ML) and induces strong upper ocean mixing. Because the tropical oceans are stably stratified, vertical mixing leads to upwelling of cold water and a reduction in sea surface temperature (SST). Black [1983] suggested that cold water entrainment at the bottom of the ML may account for over 80% of the observed SST decreases in the wake of a TC. Emanuel [2001] hypothesized that the turbulent mixing induced by TCs' winds could homogenize the upper ocean temperature, thus lowering SST, warming the upper thermocline, and potentially causing a net oceanic heat convergence through restoration of cold anomalies via enhanced surface fluxes and advection. This net oceanic heat convergence, or downward ocean heat pumping (DOHP), measures the amount of heat that is pumped down into the thermocline by the TC winds-induced turbulent mixing process. In steady state, this additional heat would be later carried away from storm-affected regions by lateral advection and has been hypothesized to be important for the ocean's heat budget and transport. Emanuel [2001] used a simple coupled ocean-hurricane model to estimate the net ocean heating induced by global TC activities during 1996. He concluded that the TC-related heating is approximately 1.4 AE 0.7 PW (1 PW = 10 15 W), which may account for a substantial portion of the OHT carried by the meridional overturning circulation.
[4] As more in situ and satellite observations become available, advancements have been made to improve our understanding of hurricane-and typhoon-induced upper ocean variability in the Atlantic and Pacific Oceans through both observational and modeling studies [e.g., Jacob and Shay, 2003; Black et al., 2007; D'Asaro et al., 2007; Yin et al., 2007; Siswanto et al., 2008; Huang et al., 2009; Lin et al., 2009; Wada et al., 2009; Jiang et al., 2009; Tseng et al., 2010; Zheng et al., 2010] . In an effort to improve the estimate of TC impacts on upper ocean heat budget, Jacob and Shay [2003] produced improved forcing fields by blending field observations for Hurricane Gilbert of 1988 with reanalysis data, and then used the forcing fields to drive an oceanic general circulation model (OGCM). Sriver and Huber [2007] used the observed SST before and after TCs to calculate the global heat exchange due to TCs, based on the hypothesis of Emanuel [2001] . Their estimate suggests that TCs contribute $0.26 PW to OHT, which is considerably smaller than the Emanuel's [2001] original 1.4 AE 0.7 PW estimate. Furthermore, Sriver et al. [2008] showed that adopting seasonally and spatially varying upper ocean temperature profiles and using different SST products can result in $60% change in DOHP estimates. The discrepancies among different estimates demonstrate the need for an improved understanding and quantification of how and why the upper ocean heat content (OHC) is altered and redistributed by TCs.
Impacts of TCs in the Indian Ocean
[5] Compared to the Pacific and Atlantic Oceans, fewer studies of TC-induced upper ocean variability have been done in the Indian Ocean. Gopala Krishna et al. [1993] showed the oceanic thermal response to a severe cyclonic storm in May, 1999 and recognized the importance of upper ocean mixing and upwelling in determining the subsequent air-sea heat exchange. Murty et al. [1996] provided a good background hydrographic description of the Bay of Bengal (BoB) and discussed the effect of a deep depression in August, 1990 on the upper ocean heat content. Attention also has been paid to the devastating societal and economical impacts of the TCs, such as the very severe TC Nargis in May 2008 [e.g., Fritz et al., 2009] . In the BoB, cyclones are often active during spring (pre-monsoon season) and fall (post-monsoon season). By analyzing satellite and in situ observations, existing studies have documented the oceanatmosphere conditions and their co-variability associated with TC Nargis [e.g., Shi and Wang, 2008; Kikuchi et al., 2009; Yu and McPhaden, 2011] . It has been shown that SST dropped by over 2-3 C, wave heights were 3-4 m to the right of the cyclone, and oceanic biological activity and suspended matter apparently increased after Nargis' passage, indicating that Nargis caused strong oceanic mixing.
[6] In this paper, we focus on two Indian Ocean TCs in 1999 that landed at Orissa, India: 04B (hereafter TC1) and 05B (hereafter TC2). A few studies have investigated the influence of SST on the intensity and track of TC2, and vice versa. It is suggested that better-resolved SST spatial and temporal variations may improve TC2 intensity and track prediction in the model [Mandal et al., 2007; Bongirwar et al., 2011] , and the region of maximum surface cooling shifted to the left of the cyclone track when the TC translated over the coastal waters [Mahapatra et al., 2007] . Chinthalu et al. [2001] showed vigorous temperature and salinity anomalies induced by TC2, and Subrahmanyam et al. [2005] described the history of TC1 and TC2 and attempted a regression relationship between the outgoing longwave radiation and ocean surface response. To date, studies on TCs' effects on DOHP and OHT in the BoB have not yet been done. How does the upper ocean respond to TCs in the BoB, and how is the response compared with similar events in Atlantic and Pacific Oceans? Due to the large amount of freshwater input from monsoon rainfall and river runoff into the BoB, the upper ocean is strongly stratified and the barrier layer persists [e.g., Han et al., 2001; Howden and Murtugudde, 2001; Masson et al., 2002; Vinayachandran et al., 2002] ; for barrier layer definition see Lukas and Lindstrom [1991] and Sprintall and Tomczak [1992] . Sengupta et al. [2008] suggested that post-monsoon TCs have lesser effect on SST cooling as revealed by satellite observations, likely because freshwater input from river runoff and monsoon rainfall leads to temperature inversion, where warmer water resides below the surface and forms a barrier layer. Mixing due to strong TC winds entrains warmer water into the surface layer, and thus produces less cooling.
Present Research About the TC Effects on the BoB Heat Budget
[7] The BoB is geographically unique in that it is a semienclosed basin, which is bounded by continents to the north, east and west but is open to the warm Indian Ocean SST in the south. As a result, this region is subject to strong forcing from the seasonally reversing monsoon winds and precipitation. The strong rainfall associated with the summer monsoon, together with a large amount of freshwater discharged from the Ganges-Brahmaputra, Irrawaddy, and other smaller rivers into the Bay, make the BoB one of the freshest parts of the world's oceans. This seasonal freshening increases the stratification and limits vertical mixing. On the other hand, strong monsoon and TC winds may overcome the strong stratification and mix heat downward. Due to its semi-enclosed nature, excessive heat accumulated in the BoB has to be transported southward out of the Bay.
[8] The goal of this study is to understand how the upper ocean in the BoB responded to the two TCs that landed at Orissa in 1999, with special emphasis on the upper ocean heat budget, including DOHP and OHT. The research is presented in two parts. Part 1 focuses on model configuration and evaluation, while part 2 [Wang et al., 2012] assesses the processes by which the two TCs cause the upper ocean heat change. The rest of part 1 is organized as follows. Section 2 describes the two TC cases, the configuration of the OGCM -the Hybrid Coordinate Ocean Model (HYCOM) that is used for ocean response simulations, the surface forcing fields and experiment design. TC winds reconstruction and the wind stress calculation are also described in section 2. Section 3 reports our results on the comparison between the model simulations and observations, and section 4 provides a summary and conclusions.
Description of Cyclone Cases, Ocean Model and Experiments

Description of the TCs
[9] In this study, we choose two consecutive TC cases -04B (10/15 00Z -10/19 06Z) and 05B (10/25 00Z -11/3 06Z) -that occurred in 1999. Cyclone 04B (TC1) formed over the center of the BoB on 10/15 and traveled westnorthwestward across the BoB. After explosive intensification on 10/16, TC1 was classified as category 4 at 10/17 00Z and turned northward before it made landfall on the same day at Orissa, India (see Figure 1 , top left, for its track and bottom left for the maximum sustainable wind speed).
[10] Within a week after TC1 dissipated, a tropical depression crossed the Malay Peninsula on 10/25 and then intensified into a cyclone on 10/27 while it traveled northwestward. Cyclone 05B (TC2) reached category-5 strength at 10/28 18Z and made landfall to the northeast of the landfall location of TC1 after a rapid intensification (Figure 1 , top right and bottom right). It stalled inland and weakened to a tropical storm. The tropical storm turned southward and re-entered the BoB on 10/30 and turned in a south-southwestward direction. TC2, also known as the 1999 Orissa cyclone, was one of the deadliest TCs in the century and resulted in more than 10,000 casualties [International Federation of Red Cross and Red Crescent Societies, 2001] . The cyclone winds reached $72 m/s ($140 knots) with an estimated minimum central pressure of lower than 912 hPa before it hit Orissa, India. The rainfall over southeast India caused record flooding in the low-lying areas [U.S. Navy, 1999] partly due to the soil saturated by TC1 rainfall and the topographical stalling of TC2 over land. The total effect of storm surge, tide and local topography on sea level elevation at Paradip, Orissa was reported to be 5-6 m [Latha and Rama Rao, 2007] . The occurrence of these two intense TCs during a short time span offers a unique opportunity to examine how surface heat fluxes and ocean heat transport within the BoB were modified by their passage.
The HYbrid Coordinate Ocean Model (HYCOM) and Forcing Fields
[11] HYCOM utilizes terrain-following sigma coordinates in coastal regions, isopycnic coordinates in the open ocean interior, and z coordinates in very shallow waters and near the surface. The details of the model dynamics and physics are documented in Bleck [2002] and Halliwell [1998 Halliwell [ , 2004 . HYCOM has been applied in a wide range of studies with various timescales and regions, including the Indian Ocean [Han, 2005; Han et al., 2006a Han et al., , 2006b Yuan et al., 2006; Han et al., 2007; Han and Webster, 2002] , the Atlantic Ocean [Han et al., 2008] , the Black Sea [Kara et al., 2005a [Kara et al., , 2005b , the tropical Pacific Ocean [Shaji et al., 2005] , and the Gulf of Mexico [Prasad and Hogan, 2007] .
Indian Ocean Configuration
[12] In this paper, the model is configured to the Indian Ocean (35 S-30 N, 20 E-120 E) with a horizontal resolution of 0.25 Â 0.25 . This resolution is eddy permitting and can reasonably resolve the impacts of TC forcings on the upper ocean, given that the radii of 18 m/s ($35-kt) winds in TC1 and TC2 sometimes exceeded 220 km ($120 nautical miles) and the radii of 51 m/s ($100-kt) wind (if any) were always at least 28 km ($15 nautical miles), as shown in U.S. NRL (Naval Research Laboratory) TC warnings. Vertically, 30 hybrid layers are chosen with fine resolution in the upper ocean to better resolve the vertical structures of upper ocean currents, temperature, and salinity. The first layer is set to be 3 m deep, and the thickness of the following layers increases as an exponent of 1.125 (i.e., layer n thickness H n = 3 Â 1.125 n ) until the coordinate transforms to sigma coordinate. With the choice of the aforementioned hybrid coordinates and sigma values, the number of layers for the top 50 m ranges from three layers near Burma's coast to 10 layers in the southwest corner of the BoB. Realistic bottom topography from the National Geophysical Data Center (NGDC) 2′ Â 2′ digital bathymetry is used with 2 Â 2 smoothing.
[13] A reference pressure of sea level is adopted, because we focus on upper ocean processes. Nonlocal K-profile parameterization (KPP) is used for the boundary layer mixing scheme [Large et al., 1994 [Large et al., , 1997 . Background diffusivity for internal wave mixing is set to 5 Â 10 À6 m 2 /s [Gregg et al., 2003] , and viscosity is set to be an order of magnitude larger (5 Â 10 À5 m2/s; Large et al., 1994] . The diapycnal mixing coefficient is 1 Â 10 À7 m 2 s À2 /N, where N is the buoyancy frequency. Isopycnal momentum dissipation values are formulated as u d x, where x is the local horizontal mesh size and u d is set to be 0.015 ms À1 for Laplacian dissipation and 0.005 m/s for biharmonic dissipation. A similar method is used for temperature and salinity diffusion, with u d = 0.001 m/s for Laplacian diffusion. Near the southern boundary and the Indonesian Throughflow region, sponge layers of five degrees are applied to relax the model temperature and salinity to the monthly ocean objective analysis product from the Meteorology Office of the UK [Ingleby and Huddleston, 2007] .
Surface and Lateral Boundary Forcing Fields
[14] The HYCOM surface forcing fields include 2 m air temperature, 2 m humidity, surface net solar radiative flux and net radiative flux (shortwave plus longwave), precipitation, wind speed and wind stress. The sea surface latent and sensible heat fluxes are determined by HYCOM SST, wind speed, air temperature and specific humidity, following the Coupled Ocean-Atmosphere Response Experiment (COARE 3.0) algorithm [Fairall et al., 2003] . This algorithm allows medium to strong wind conditions with a wind speed of $40 m/s. Both reanalysis products and satellite observations are used to force HYCOM, as discussed below.
The ERA-Interim (ERAI) Fields
[15] The 6-hourly ECMWF (European Centre for MediumRange Weather Forecasts) Re-analysis Interim (ERAI) products [Simmons et al., 2007; Dee et al., 2011] for the period of 1989-2008 are used to force HYCOM. The ERAI data assimilation uses 12-h 4D-Var at T255 horizontal resolution ($0.7031252 ). The 6-hourly surface analysis fields, including 2 m air temperature, 2 m humidity, 10 m wind velocity, and 6-hourly surface accumulated fields, including wind stress, precipitation, surface net longwave radiation, and surface net solar radiation, are extracted for HYCOM forcing fields. All fields are interpolated onto HYCOM grids. The ERAI sea level pressure fields are also used to track the TC center positions. The center positions from ERAI differ by up to 2 central angle compared to International Best Track Figure 1 . (top) The three-day mean TRMM 3B42 rain rate, (middle) the three-day mean ERAI rain rate, and (bottom) maximum sustainable wind speed (MSW) and translation speed (bottom panels) for the two TC cases. For TC1, the rain rate averaging period is 10/15-10/17, while for TC2, 10/27-10/29. The black lines are the cyclone tracks from IBTrACs (top panels) and determined from ERAI lowest mean sea level pressure (middle panels), while the crosses are the cyclone centers every six hours during the three-day period. Missing values and zero precipitation in TRMM data are shown as white background. Note that TC1 center from ERAI at 10/15 00Z is ambiguous.
Archive for Climate Stewardship (IBTrACS) data during the strengthening stage (Figure 1, top [Kummerow et al., 1998 [Kummerow et al., , 2000 MultiSatellite Precipitation Analysis (TMPA) intercalibrates and combines TRMM 2A-12, SSMI, AMSR and AMSU precipitation estimates from different orbiting satellites, referred to as high quality estimates. Rain rate estimates by the geostationary satellites' infrared band observations are then also made by fitting the infrared brightness temperatures to the high quality estimates. The infrared rain rate estimates have 3-hourly or higher temporal resolution. Both the rain rates are scaled to match the monthly satellite/rain gauge analyses. The TRMM 3B42 product (0.25 Â 0.25 , 3-hourly and 50 S-50 N) is used to force HYCOM. Its retrieval algorithm can be found in Huffman et al. [1995 Huffman et al. [ , 2007 and Huffman [1997] . For HYCOM experiments, the 3-hourly product is integrated onto a 6-hourly interval to be consistent with other forcing fields.
[17] TRMM precipitation data provide stronger rainfall estimates and more accurate TC locations than the ERAI precipitation data (Figure 1 ). The TRMM rain rate averaged over the time frame of the two TC cases and superimposed on their tracks from IBTrACS, which is endorsed by The World Meteorological Organization Tropical Cyclone Program (data from http://www.ncdc.noaa.gov/oa/ibtracs/), is shown in Figure 1 (top) . The rainy area during 10/15-10/17 covers most of the BoB, and its strongest rate happens after the explosive intensification of TC1 (10/17). For TC2, the strong rainy area is more concentrated along its track.
CCMP Wind
[18] The global (78.375 S to 78.375 N) 6-hourly CrossCalibrated MultiPlatform (CCMP) ocean surface winds on 0.25 Â 0.25 grids [Atlas et al., 2008 [Atlas et al., , 2009 are also used to force HYCOM (see section 2.3). The CCMP winds are derived from cross-calibrating ocean surface wind data from SSM/I, TMI, AMSR-E, SeaWinds on QuikSCAT, and SeaWinds on ADEOS-II. These data sets are combined with conventional observations and ECMWF wind field (as a starting/background estimate of wind field), by using a variational analysis method. The CCMP winds more accurately depict the TCs' locations than the ERAI winds (not shown). Although CCMP TC wind speeds are not always higher than ERAI in our cases, the former is more accurate in the timing of strongest stage than the latter (Figure 1, bottom) .
[19] Powell et al. [2003] and Oey et al. [2007] showed that the drag coefficient (C 10 ) increases with the increase of 10 m wind speed (V) up to about 34 m/s [also see Large and Pond, 1981] , but then levels off and declines at even stronger wind speeds. In this study, wind stress (t x and t y ) is determined from V and air density (r) by the formula suggested by Sanford et al. [2007] Dai et al. [2009] as freshwater input to force HYCOM. The discharge data are based on the gauge records at the farthest downstream stations for the world's 925 largest ocean-reaching rivers, and the data gaps in the records are filled through linear regression between the observed streamflow and the streamflow simulated by Community Land Model version 3. For the Brahmaputra and Ganges, the discharge data are better covered by the gauge records for the period of our HYCOM simulations, while for the Irrawaddy, the discharge data for the same period are all from model simulation results (see Table 1 for observation coverage time frame).
Reconstructed TC Winds
[22] Quantitatively, neither the CCMP nor ERAI winds are able to represent the observed TCs' maximum sustainable wind speeds (Figure 1, bottom) , although the general cyclonic circulation patterns are captured. The winds from both CCMP and ERAI are too weak, even though sometimes CCMP winds show better agreement with the IBTrACS data ( Figure 1 ). This is because TC's high winds are generally associated with strong precipitation, which contaminates satellite wind retrieval under high wind conditions. Although efforts are being made to tackle this problem, the issue exists for the best available CCMP winds. The underestimation of wind speed may underestimate the mixing and heat pumping effects of the TCs.
[23] In order to investigate oceanic response to high wind conditions (≥18 m/s), a modified Rankine vortex [Holland, 1980] is adopted for azimuthal wind velocity:
[24] V max is the maximum sustainable azimuthal wind speed of the TC, and R is the radius of maximum sustainable wind (MSW). The radial profile of wind is proportional to r within R and to 1/r x beyond R. The parameter x is estimated to range from 0.4 to 0.6 [Holland, 1980] , and 0.5 is used for this research. To account for the Coriolis effect, we further adjust V so that the absolute angular momentum (rV + fr 2 /2) is conserved at the same r, where the Coriolis parameter f changes with latitudes. The radial velocity is assumed to be À0.3V [Zedler et al., 2002] within R and decrease at 1/12 of the rate of decrease of the tangential wind speed outside R, similar to Hurricane Eloise in Price [1981] .
[25] An example of implementation of modified Rankine vortex, considering the Coriolis effect and translation velocity and its blending with the CCMP wind field at 10/29 00Z, when TC2 wind speed peaked, is shown in Figures 2b and 2c . Linear ramping has been applied in space for the blending to ensure the smooth transition from the centers of the TCs to two times of 35-kt radii of the TCs. Note that to conserve absolute angular momentum, the modified Rankine vortices have the greatest wind speed in the lower latitudes, and only half of the storm translation velocity is added to the modified Rankine vortices, as recommended by NOAA [1979] .
Experiments
[26] HYCOM is first spun up for 20 years using the 1989-2008 monthly climatologies of ERAI forcing fields (section 2.2.2.1). Restarting from the spin-up solution, HYCOM is integrated forward in time for the period of 1989-2000 using the 6-hourly CCMP winds (section 2.2.2.3), and 6-hourly ERAI data for other forcing fields. The 6-hourly (integrated from original 3-hourly data) TRMM 3B42 precipitation (section 2.2.2.2) replaces the ERAI precipitation to drive the model starting in 1998. This run is driven by the original forcing fields, and is referred to as Main Run (MR). The model results for 1989-1991 are not analyzed, because they contain transient features that result from the transition of the spin-up (monthly climatological driving forces) to the simulation driven by the 6-hourly forcing fields.
[27] One additional experimental run, referred to as RcWIND, is performed branching from the MR solution on 10/11, 1999 by forcing HYCOM with the reconstructed winds (section 2.3), because the maximum CCMP wind speed in the MR is only $20 m/s during TC1 and TC2, which underestimates the TC effects on mixing, entrainment and advection. All the surface forcings in RcWIND are the same as in the MR, except the reconstructed wind field for TC1 and TC2. While the MR and RcWIND have the same values before 10/11, 1999, the differences between the MR and RcWIND solutions afterwards provide quantitative estimates of the strong wind effects of the TCs.
Model-Data Comparison
Sea Surface Temperature
[28] The SST changes during TC1 and TC2 from TRMM data show a general "Bay-wide" cooling for TC1 and cooling in the western and eastern Bay for TC2, with the maximum cooling ($À3 C) occurring at three locations for both TC1 and TC2 (Figures 3a and 3d ): near the Orissa seashore along the tracks, in the southwestern BoB (10 N-15 N 80 E-85 E), and in the eastern BoB (east of 94 N). The spatial patterns of TC-associated cooling are basically simulated by RcWIND (driven by the modified Rankine vortex; Figures 3b and 3e ) and the MR (driven by the CCMP winds; Figures 3c and 3f) , albeit with significant differences in some regions. The well-documented rightward skew in the SST response relative to the TC track [e.g., Price, 1981; Jacob et al., 2000] near offshore Orissa can be seen for TC1 in the observations, the RcWIND run and MR (Figures 3a-3c ). The CCMP winds that include the TCs are much weaker than the best estimates in the IBTrACS or NRL warnings, and therefore the SST decrease near Orissa is much weaker in the MR than in RcWIND, especially for TC1. Evidently, TC2 cools the SST less than TC1 (category 4), even though TC2 (category 5) is stronger (see section 2.1), which is likely due to the initial SST depression by the occurrence of TC1.
[29] Quantitatively, the simulated cooling by the MR and RcWIND is much weaker than the observed cooling in the southwestern and eastern BoB for both of the TC cases, and the weak warming in the central BoB, especially for TC2, is not shown in the model. Several possible reasons may account for the model/data differences. First, TMI measures sea skin temperature, whereas HYCOM SST is from the top slab layer (3 m thick), which may partly explain the lesser sensitivity of HYCOM solutions to the TC forcings. Second, errors in HYCOM forcing fields will cause errors in the simulated SST. For example, ERAI data may not adequately resolve the spatial variations and amplitude of the radiative fluxes, air temperature and/or specific humidity near the TC centers; the reconstructed winds, although much stronger than the CCMP winds, may not always be physically consistent with other forcing fields. Third, HYCOM's limitations may also contribute to its less sensitive SST response.
[30] Neither the MR nor RcWIND captures the strong SST reduction in the southwestern BoB. Before TC1, TMI shows relatively warm SST (≥31 C) in the southwestern BoB, in contrast to the relatively cool SST (≤28 C) in the south central BoB. TMI data suggest that the low SST in the south central BoB may originate from the minicold pool south of the India-Sri Lanka channel (not shown), which is consistent with the findings of Rao et al. [2006a Rao et al. [ , 2006b . During TC1, the SST in the southwestern BoB is reduced partly by the (Figures 3a-3c ) and TC2 (Figures 3d-3f ) . The winds near the strongest stage (10/17 00Z for TC1 and 10/29 00Z for TC2) of the TCs are also plotted (vectors in the middle and bottom panels). The black contour is for 0 C SST.
enhanced surface heat loss caused by the strengthened wind, and partly by the cold advection from the south central BoB.
The SST contrast between the two regions is not as obvious in HYCOM as in TMI before TC1; therefore, the cold advection during TC1 is not as strong in HYCOM. The SST decrease in the southwestern BoB during TC2 is caused by a different process. TMI data show that TC2 cools SST along its track before its landfall location and along Orissa shore after it reenters the Bay by strong mixing and upwelling (see part 2 for discussions). The cold seawater is then advected to the southwestern BoB by the strong counterclockwise current along the coast. HYCOM does not capture the full strength of the SST decrease along the Orissa shore after 10/29 due to the early termination of wind reconstruction period, and therefore does not reduce SST as much in the southwestern BoB by advection as in TMI observations.
Sea Surface Height
[31] Strong winds associated with the two TCs near Andaman Islands and along the northern BoB boundary (Figure 3 , middle and bottom) cause onshore Ekman transport and thus onshore mass convergence, raising the sea level near the coasts by as much as >10 cm in some regions, as shown by the AVISO satellite observed sea surface height (SSH) (Figures 4a, 4c, and 4e ). This sea level signal can propagate counter-clockwise around the perimeter of the Bay, increasing the SSH along the western BoB boundary. Meanwhile, the onshore mass convergence induces mass divergence and sea level fall in the central Bay. In addition, positive Ekman pumping velocity both of the TCs are reaching their strongest stages. The cold SST induced by TC-associated wind near Orissa may also contribute to the sea level fall there.
[32] TC1 exhibits larger SST impacts than TC2, as we discussed in section 3.1, whereas TC2 exhibits larger SSH impacts than TC1. TC2 has higher winds and lingers over the ocean longer than TC1, and hence the onshore Ekman transport and mass convergence induced by TC2 cyclonic wind is more prominent.
Drifting Buoys and Cruise Profiles
[33] The model's skill in reproducing surface and subsurface variability is also evaluated against surface measurements using drifting buoys and surface and subsurface measurements by cruises from October to December, 1999 (Data Source: Department of Fisheries and Oceans Canada, Science Sector, Integrated Science Data Management). Since the sampling locations ( Figure 5 ) are generally located between the equator and 10 N, the data are used to evaluate HYCOM results along the BoB southern boundary. Unfortunately, there are no in situ measurements north of 10 N from October to December, 1999. Argo floats were not yet deployed in the BoB at that time.
[34] The MR SST compare favorably with the high quality buoy observations (standard error = 0.43 C), with SST values from 27 C to 30 C (red crosses in Figure 6 ). The SST and subsurface temperature from RcWIND are similar to those of the MR, indicating that the reconstructed high wind speeds near the center of the TCs, which are used to drive RcWIND, do not have strong influence on upper ocean thermal structure outside the BoB. In the region of 80 E-82.7 E, 0 N-5 N during 11/16-12/31 in 1999, the MR SST (blue dots in Figure 5 and blue triangles in Figure 6 ) and TMI observed 3-day mean SST are both generally above 27 C, much higher than the buoy observations; by comparing with TMI SST, we are less confident in the buoy data quality for this location and time.
[35] HYCOM reasonably simulates the ML temperature and depth except for a few locations in early October 1999 (Figure 7 ). TC1 starts from 10/15 and ends on 10/19, while TC2 starts from 10/25 and ends on 11/3. Therefore, the profiles in Figure 7 show comparisons before, during and after the TC events. ML temperatures and depths in HYCOM generally agree with the observations very well. HYCOM simulations, however, have weaker vertical temperature gradient in the thermocline layer, suggesting that HYCOM produces a more diffusive thermocline than the observations. Indeed, as we increase the number of vertical layers from 22 to 30, the simulated thermocline is improved (not shown). The ML depth is generally shallower than or near 100 m, depending on locations and seasons, while the thermocline layer is usually between 100 m to 300 m.
Summary and Discussion
[36] In this paper, we document the experiment design and results of simulations using an eddy-permitting ocean general circulation model -HYCOM, examining the upper-ocean impacts in the BoB caused by two consecutive TCs during October-November 1999. The implications of these results for the BoB heat budget will be examined in the companion paper (part 2). The HYCOM simulations are designed and performed using 0.25 Â 0.25 grids and 30 vertical layers, which is driven by satellite-observed CCMP winds, TRMM precipitation, and ERA-Interim reanalysis radiative flux and other forcing variables (section 2.2). Freshwater input from medium to large rivers surrounding the BoB are also included. The above forcing fields are able to capture the observed TC1 and TC2 identified by the IBTrACS data, although the CCMP winds significantly underestimate the maximum wind speeds associated with the TCs (section 2.1 and Figure 1 ). To overcome this underestimation, one additional experiment is performed using reconstructed TC-wind velocities based on the modified Rankine vortex as in Holland [1980] (section 2 and Figure 2 ).
[37] Solutions from the HYCOM MR and RcWIND run with enhanced TC winds reasonably reproduce the upper ocean thermal structure and SSH in the BoB compared with cruise and satellite observations, albeit with quantitative model/data differences. HYCOM simulations, however, exhibit weaker vertical temperature gradients in the thermocline layer, suggesting a more diffusive thermocline in the model than in the observations. The strong SST reduction ($À3 C) near the Orissa seashore along the tracks and on the right is shown in RcWIND. Compared to the TMI observations, the contrast between the high SST in the southwestern BoB and low SST in the south central BoB during TC1 is less evident in RcWIND and results in weaker cold advection from the south central BoB to the southwestern BoB. Also, RcWIND produces weaker SST reduction in the eastern and southwestern BoB during TC2, possibly due to the lack of enough information for TC wind reconstruction in the two regions. TC2 (category 5) generally cools the "Bay-wide" SST less than TC1 (category 4) likely due to the initial SST depression by TC1. On the other hand, the onshore Ekman transport and mass convergence induced by TC2 cyclonic wind is more prominent because of the stronger winds and longer lifetime than TC1 over the ocean.
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